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\Ve plejctit results on trapping a n d  cooling 01' p o s i t ~ o i i ~  i n  ;I  Penning trap. Positrons from ii 2 mCi "Na sourcc trawl 
.iIoi,g t h c  ax i s  ot'ii 6 T maynet and through the trap at'tei- which they strike a Cu reflection moderator crystal. U p  to a 
t'e\\, thous,ind positrons are trapped and lose energy through Coulomb collisions (sympathetic cooling) with laser- 
c'c~oli'd "IW By iniagins the "Be- laser-induced fluorescence. we observe centrifugal separation of the ')Be. ions and 
p ~ ~ s i i r o i i ~ .  M i t h  the positrons coalescing into a column along the trap axis. This indicates the positrons have the same 
i r o t a ~ i o i i  t'l-equcncy and coinparable density ( - 3  x I O "  cin I )  a s  the "Be' ions. and places a n  upper limit of approxi- 
m a t c l ~  5 I( on the positron temperature 01' motion parallel to the magnetic field. We estimate the number of trapped 
p ~ ~ i t i - o ~ i ~  I'rom the volume 01' this column and from the annihilation radiation when the positrons are ejected from the 
i r L i F  'I'hc nicn\ured positrcin lifetimi: is > X  days i n  our room-temperature vacuuni of 10 Pa. Published by Elsevier 
Sc.1encc t3  L' 

1 .  Introduction 

This paper presents euperimental results on the 
iapLure. stoi-age and cooling of positrons in a 
Pcnniiig trap that simultaneously contains laser- 
cooled "Be - ions. The experimental work follows 
pre? iou, discussions and simulations of trapping 
a n d  s!mpathrtic cooling of'positrons via Coulomb 
collisions with cold "Be.  ions [ 1.21. Cold positron 
pl,t>m,is ;ire useful as a source for cold b e a m  of 
high brightness [3-61. I n  addition cold positron 

plasmas are useful for studies of positron-normal- 
matter interactions. such as the study of reso- 
nances in low-energy positron anniliilation on 
molecules [ 3 ] ,  for production of a plasma whose 
modes must be treated quantum mechanically [ I ,  
7.81. and for formation of antiliydrogen by passing 
cold antiprotons through a reservoir o f  cold pos- 
itrons [%I  I ] .  

Several groups have successfully trapped posi- 
trons i n  electromagnetic traps. Positrons have been 
trapped using resistive cooling of the positrons 
[ 121, by ramping the trap electrostatic potential 
[ 131 and in a magnetic-mirror configuration by 
electron cyclotron resonance heating [ 141. Recent 
experiments by Gabrielse and co-workers [ 15- 
171 have successfully trapped more than I O "  posi- 
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po\itroniuni in a high Rydberg state created on the 
htiilace of the moderator is field-ionized in the 
t i -ap  The), used ii 3 mC'i p o s i i r o n  source ;tnd ;I 
tungsten positron moderator i n  the experiment. 
Thc. positrons were cooled by thermalization with 
;i cr)ogenic Penning trap which ensured ii tem- 
perature of -4 K.  Surko and co-n,orkers [ 3 , 5 .  
1 S 201. using a 90 mCi positron source. report the 
I<ii-ge\t r i t i~ i iber  of tr;ipped positrons ( - 3  x 10') 
i\ i1,h irapping rate of 3 x 10' positrons in 8 min 
a n d  ;I triipping efficiency greater than 25'!:1 of the 
niciderated positrons. The positrons were ther- 
miillzed to room temperature since the trapping 
\i ; I \  nchie\,ed through collisions with ;I room- 
ti.mpi.r,iiure bun'er gas of' NI. 

I n  t l l l j  paper we M i l l  discuss the results of si- 
n I ti I t ii  n eo us I) ,  t r a p ping :I nd coo I in g posit rons with 
1,tser-cooled "Be- ions. We observe centrifugal 
srparation of the positrons and ')Be+ ions. which 
eixlbles LIS to  determine the positron density and 
piace ii rough upper bound on the poxitron tem- 
p i i i i i u i e .  I n  Section 2 we describe the experimeiil, 
aiid in  Section 3, the positron detection methods. 
I ti Seciion 4 we present the measured accumula- 
tion rares and positron lifetime. The discussion of 
ow nitithod for estimating temperature limits is 
p r t  senied i n  Section 5 .  We conclude by suninia- 
r i z 1 n f ; I  11 d d 1 sc LI s si ng f'u t ti r e pos s i b i I i t i es . 

2. Espc.riniental setup 

The Penning trap. along w i t h  the positron 
jt)t,1'ce ;ind positron moderator are shown i n  
Fig. I .  The stack of cylindrical electrodes (10 mm 
i n  Jiameter. 60 mm long) forms two Penning traps, 
enclosed i n  a quartz cylinder and placed parallel to 
the 6 T magnetic field. The top (load) t r a p  b a s  
t i j t .d  10 create "Be- plasmas by ionizing neutral Be 
aic)l11.; .;LiblImated from a heated Be filament and 
dirzcieci through a small hole o n  the ring electrode. 
Thi. 'Be- ions are transferred to the lower (exper- 
inimtal) trap for experimentation. In  a single load- 
t i-ansfel. c\cle we can store over one million ions. An 
;~~ i<!~ i i~ i i i e t r i~ .  nearly quadratic trapping potential 
i a  yenerated b) biasing the ring of the experimental 
ti.ap !o ;I negative voltage L+ and adjacent com- 
pensation electrodes to &- = 0.9 x h<. For 4I = 
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Fig I .  Schematic diagrain of the cylindrical Peiiiiiiig ti-;ip\ 
s h o w i n s  t h e  load t rap  t i x t l  to load "Be 1011s and  expel-iiiitiital 
t r d p  tor ~ \ l ) e l i ~ i l e l i t ; t t ~ ~ ~ i  \vl th  positrons and ~ o i i s  I s I .  i; :tiid 

1 ;  ai-t iespectively t he   voltage^ applicd t o  thc ring. compcii- 
s i t i ~ i i  iiiicl ciid cap electrodes of the cxperinicii~al tiap. The 
laser light at -313 iiin is directed through the ion plasma whicli 
IS located at the center 0 1  the expei-iiiieiital t rap .  

- 100 V and for the endcap voltage r/, (. = 0 the 
single particle axial frequency for "Be1 ions is o), = 
2~ x 870 kHz and the magnetron frequency is 
( J ) ~ , ,  = 2 r ~  x 35 kHz. 

The ions were cooled by a laser beam tuned - 10 
MHz l o ~ , e r  than a hyperfine-Zeenian component 
of the 2s'SI - 2p2P1 resonance at 313 nm. The 
laser beam was directed through the trap. inter- 
secting the ion plasma on the side receding from 
the laser beam due to the plasma rotation. As 
shown in Fig. 1 the beam entered the trap between 
the upper compensation and ring electrodes. pas- 
sed through the trap center, and exited through the 
gap between the ring and lower compensation 
electrode, making an  1 1 "  angle with the horizontal 
(.\--jj) plane. Based on ineiisurements performed i n  
previous experiments [21-23] n e  expect T < TI < 
100 mK, where T and T describe the velocity 
d is t ri b 11 t ions in  the direct ion per pen dic d ; t r  and 
parallel to the trap axis (1 axis). 

An ion plasma in thermal equilibriiim at these 
cryogenic temperatures is a uniiorm-density 
plasma with a rigid-body rotation frequency ('1, in 



rlic :.;inst: ( ' I , , ,  .c ( ' I ,  <: Q ~- ( ! I , , , ,  The ion density i s  

26, I i ' f ' J  (L? - (81,) lq ' .  where (1 and I I I  are the charge 
; t i i d  mas\  ot' an ion. and F , ,  i s  the permittivity of the 
\ aci:um Li'ith the quadratic trapping potential 
iie'tt. trap center. the plasma has the shape of ;I 

\pht.roid whose aspect ratio. 2 = Z ( ~ / Y , ! ,  depends on 
f ' i  t lcrv 2:,, and 2/.!, are the aai'il ;tiid ladial es- 
teiit. 01' rhc piasmu spheroid. Low rotation ( o j ,  - 
('i,. ) rejtilth i n  an oblate spheroid of large radius. 
Incrdasiiig ( 8 1 ,  increases the Lorentz force due to 
rhc. plasma rotation through the magnetic field, 
i \ h i i h  111 turn increases x and / I ( , .  At ( 1 1 ~  = Q / 2  
i Brlilouln l imit)  the ion plasma attains its maai- 
iniini aspect ratio and density. For "Be' ions at 6 T 
 hi. inaxinium ion densit), is 1 . 1  x I O " '  cm '. High 
denbit! can be reached by using torques produced 
b! 'I cooling laser beam [24] or  by a rotating 
electric tield perturbation [25.26] to control the 
p I ; i  s in ii 'h any u I ;i r mom en t ti in. Typical I y . the I on s 
\ \e rv  fir\t Doppler laser-cooled and ('1, b a s  ap- 
proiiniaiely set by the laser torque. The "rotating 
n ; i I l "  N Y ~ S  then turned on at a frequency near the 
rotaiion frequency of the "Be- plasma. Resonantly 
scat!erttI 31 3 nm photons were collected by an f / 5  
imctging s>..;tetn i n  a direction 1 I "  aboLe the z = 0 
plans ot the t r a p  and imaged onto the photo- 
u t h a d e  of 21 photon-counting imaging detector. 
Su;li a n  optical system produces an approximate 
.;ids-\ ieu image of the "Be ~ plasma. 

The source for the positrons was ;I 2 mCi "Na  
\oiii-:e nit11 an active diameter of - 1  mm. The 
\oui. ie i b  placed just above the vacuum envelope, 
,ind positrons enter the trap through a Ti foil of 
7 pni thickness. Positrons travel along the axis of 
t h c  Pennins traps until they hit the moderator 
cr! siiil placed below the lower end-cap 01' the 
superiiiit.nt;il Penning trap. The positron current 
i-enc~iing t h e  crystal was measured by iin electro- 
mctcr. At the beginning of our experiment the 
mea\ured current was -2 PA, in accordance with 
the cxpected positron losses in the TI foil and the 
fr i i iyi i is  fields of the magnet at the position of 
i l i i '  - ' ha  source. A t h in  chopper wheel w;is placed 
betu een the --Nit sourcc a n d  the Ti foil for lock-in 
deleition o f  the positron current ( i f  needed) and to 
teiiilwi-aril). block the positrons from entering the 
trap \vithout removing the "Na source. 

i i l i i \ l L i i i l  \ \  Ithi11 the plLisi1iLi Lind 1s 21vL.n bb ~7 
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For the method of trapping pc'sitrons discussed 
i n  [ 21. ii roo in- ten1 pera t u re kine t i c-enc rgy ct is t r i b ti- 
tion of moderated positrons is important. Koom- 
temperature distributions of inoderated positrons 
have been reported in the literature Ibr a number 
o f  single-crystal metallic moderators. We chose ;I 

Cu( 1 I I )  moderator crystal because of the e x -  
pected narrow distribution 01' positrons [27.28].  
~ n d  because i t  can be annealed and cleaned ;it a 
lower temperature (-900 "C). The experimental 
results discussed here were obtained with the mod- 
erator crystal heated to 350 "C during the vacuum 
ba keo u I .  

3. Positron detection 

I n  the experiment. the presence of trapped 
positrons was verified by three different methods. 
The positrons were detected by o ~ i r  ( a )  observing 
changes in the "Be' ion fluorescence due to ap- 
plication of the microwaves near the positron cy- 
clotron frequency, (b) detecting the absence of 
"Be' ions i n  the plasma center in side-view images 
of the  be^' ion fluorescence and (c)  detecting the 
~ i i  n i h i la t 1 o ti rad iii t io n ii l'ter pulsing the itcc u in u- 
lated positrons onto the titanium foil (same foil 
that i s  at the top of the vacuum envelope). Fig. 2 
I S  it schematic diagram of the different detection 
tech n i q Lies. 

The first evidence of positron trappin, 0 waj  
obtained through microwave excitation of the 
positron cyclotron resonance near 166 GHz. Wave 
guides carry the microwave radiation into the 
magnet bore close to the trap ccnter. The micro- 
waves heated the positrons by increasing their 
cyclotron energy. Through the Coulomb interac- 
tion the positrons then increased the "Be- ion 
energy, which changed the level of the "Be ion 
I-esonance fluorescence. The positron cyclotron 
resoiiiince curve, obtained by sweeping the micro- 
wave radiation around 166 GHz. wits  -200 k H z  
wide [29]. We believe the resonance width was 
probably caused by power broadening. Significant 
positron eacitation appeared to be required to 
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o l x r \ , e  the resonance because of the weak cou- 
pliiig between the positron cyclotron and "Be' ion 
morion> and the low rate of energy transfer be- 
twem the positron cyclotron and axial energies in 
the high inagnetic field of our trap [30] .  Other 
1 x ' t m t i ; i l  sources of broadening include the rela- 
tii,i\iic Inass shift (-10 kHz for each 300 K in 
itner-g!'). first-order Doppler broadening from pos- 
iti-oii motion within the trap, and inagnetic field 
in 5 I ;I b i 1 i t  y a 11 d i n  h o inogenei ty . 

Due to the plasni~i rotation. ion species with 
different charge-to-mass ratios tend to centrifu- 
gally separate in ii Penning trxp [31,32]. I f  ions 
with ditrerent y/ni rotate about the trap axis at the 
same radius, they will tend to rotate with different 
rates because of difi'erent centrifugal forces. Colli- 
sional drag will cause a radial drift of' the lighter 
ions inward, and the heavier ions outward. if the 
ions have the same charge. The ditrel-ent species 
will separate and the whole plasma n,ill come io 
thermal equilibrium and rotate ;it ~iniform ( ' J ,  as a 
rigid body [32].  At low temperatures the density 
inside either species is constant, and drops to zero 
at  the species boundaries within a distance on the 
order of the temperature-dependent Dcbye length. 
Therefore, trapped positrons, if cooled, will move 
to smaller radii than the "Be- ions. I n  the limit of' 
~ e r o  tenipcrature, the edges of each plasma will be 
sharp (Debye length + O ) ,  and the plasmas will 
completely separate, with the positrons forming ;i 

column 01' uniform density along the trap axis. If 
the "Be' plasma density is significantly below the 
Brillouin limit, the e '  and "Be densities are es- 
pecteci to be approximately equal and the plasina 
separation quite sinall [7,32]. 

Fig. 3 shows an  image of a 'Be'-e- plasma 
along with the radial dependence of the fluores- 
cence signal. The "Be'  ion density / T , ~  is calculated 
from the rotation frequency (11, set by the rotating 
wall. With approxiniacely equal density for both 
species, the number of positrons in the "dark" 
column of the plasma image is til) x V .  where 1' is 
the volume of the "dark" region. 

I f  any ions with a churge-to-mass ratio greater 
than "Be + are created during the positron ;iccu- 
mulation, they will ;ilso centrifugall) separate and 
contribute to the size of the non-fluorescing col- 
umn in the plasma center. With the "Na source 
blocked, we deliberately created singly charged 
light-mass ions by ionizing background gas with a 
- 1 5  eV electron beam. From the ~oluine of the 
central dark region a s  a function of tiine, the life- 
time of the light-mass ions was measured to be less 
than 10 h.  Similar measurements were performed 
after accumulating positrons and are discussed in 
more detail in the next section. In this case very 
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little change i n  the volume of the central dark re- 
?ion n a i  observed after the --Na source was 
blocheti Ibr 12 h .  This indicates that most of the 
dark central region in Fig. 3 is due to positrons 
rattier than impurity ions of light m a s s .  

,? 

To I'urther verify that the dark central column 
i n  Fig. 7 is due to accumulated positrons. we 
puljt'd the i.---"Be- plasma onto the 7 pin Ti foll 
loc,ited above the trap and detected the resulting 
p o i I r o n a n n i h i la t i on rad ia t ion. With the energy 
( . = I  k e V )  that the positrons acquire during the 
pulje. all of the positrons annihilate in the Ti foil. 
The ji o si I r o n ann i hi1 a t i on rad ia t i on wa s detected 
\ \ i t t i  ii h a 1  scintillation crystal mounted 2.5 or 5 
cm 'ibo\.c the Ti foil. A light pipe coupled the 
output ot the Nal crystal to a photomultiplier tube 
mounted a few feet above the magnet. (The "Na 
so1irc.e is removed from the magnet bore during 

this procedure.) In addition to detecting positrons 
that are cooled and centrifugally separated from 
the laser cooled "Be' ions, this method is also 
sensitive to positrons that may be trapped but not 
cooled to a point where they centrifugally separate 
I'roin the "Be ' . 

We attempted to eject all the positrons rapidly 
compared to the rise-time of the Nal crystal scin- 
tillation (-300 ns). In  this way the scintillation 
crystal will produce a single pulse, free from back- 
ground radiation, n,hose height is proportional to 
the number of annihilated positrons. Positrons 
\vue  pulsed with different sets of voltages on the 
trap electrodes and with different pulse voltages. 
For example, starting with the e+--"Be' plasma 
trapped with axially symmetric voltages on the 
experimental trap, the experimental and load trap 
voltages wet-e adiabatically changed so that the e '  ~ 

"Be- plasma was moved to the region ol'the lower 
endcap of the load trap, where i t  was confined by 
the following electrode potentials: 900, 900, 900. 
850, 800, 0, 250 and 100 V. Here the potentials are 
listed starting with the lower endcap of the exper- 
imental trap and moving up.  The lower endcap of' 
the load trap was then pulsed from 0 to 500 V by a 
\oltage pulser with a -50 ns rise-time. The result- 
ing output pulse of the photomultiplier preampli- 
fier was recorded on a digital scope. 

For a fixed procedure lor positron ejection, the 
\,oltage peak of the output pulse was proportional 
to the iiinount of light-mass charge measured from 
xide-view images such Fig. 3. HoweLer, changing 
the electrode potentials and pulse voltages of this 
procedure produced, in many cases, ii different 
proportionality constant. For some conditions the 
output annihilation pulse was significantly longer 
than the scintillator single-event pulse and delayed 
beyond the scintillator and  high-voltage pulse rise- 
times. This indicated that for these conditions not 
d l  the positrons were dumped simultaneously. We 
believe the reason for this is pick-up and ringing 
induced by the high-voltage pulse on different trap 
electrodes. While we could not detect ringing and 
pick-up sufficient to cause this problem. we could 
monitor the trap potentials only outside the vac- 
uum system. Therefore, to estimate the number of 
trapped positrons, only annihilation procedurea 
that produced single-event pulses were used. 



The N a I  crystal detection system was calibrated 
\ \ i i h  -37 kBq ( 1  pC) 'lSGe source. This is ;I good 
soi i r ie  1.01- c;ilibratioii purposes because it is prin- 
i~ipally a positron emitter (51 1 keV y-rays) and 
i-tl,itivcly free from other major photon emissions. 
0 i l e  0 1 '  the larger uncertainties i n  the calibration is 
d u t  to the difference in rhe size of the "SGe 51 1 keV 
- , * - I - J > .  source ( < 5 mm radius) and the annihilation 
>poi  011 the Ti foil ( <  1 nim). Overall \he estimiite 
ihc  uncertainty in determining the number of an- 
nihilated positrons from the peak of the pream- 
plitier output pulse to be -25%. 

Fis. 4 suininarizes the results of ;I number of 
po $1 t ro i i  ;in n i h i la t i  on s done w i t h severa 1 d i fTer- 
en1 euperimental procedures. As discussed above. 
onl!. annihilation procedures which produced sin- 
gle-e\,eiit pulses are plotted. Even with this re- 
quirement some systematic variation between the 
diti'erent procedures is observed. While we do  not 
ti ii 11 ers I and this viiriii t io 11. the posit roii n umber 
J e I e r in I  n ed by the ann i h i 1 at i o n method s h o u I d 
provide a lower limit for the number of trapped 
po.;itrons. In all cases the positron number mea- 
sured by annihilation is greater than the number 
c,ilculared from the volume of the "dark" column. 
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However. the --&%I difference is on the order 01' 
the combined uncertainty of these tn'o positron 
nieasurement methods. Therefore we cannot  de- 
termine with any certainty whether the number of 
trapped positrons is greater than indicated by the 
volume of the "dark" column. However the a i l -  

nihilation measurements do  support our claim that 
most of the light-Inass charges in images such :I> 

Fig. 3 arc positrons that have centrifugally sepa- 
rated from the Be ions. 

Centrifugal separation implies that the posi- 
trons are rotating with the same rotation fre- 
quency a s  the Be' ions and are cold enough to 
have approximately the same density. We ob- 
served centrifugal separation of the positrons with 
rotation frequencies up to I MHz.  For larger ro- 
tation frequencies, the radius of the positron col- 
umn was too small to clearly see separation. In  the 
6 T magnetic field of this experiment ( 1 1 ,  x 2rr x I 
M H z  gives positron densities 2 4  x 10" cin '. Thi5 
is -50 times greater than the highest positron 
density previouslj, achieved [20]. 

4. Positron accumulation and lifetime 

Because of this method's simplicity, we initially 
attempted to load positrons by following, as much 
a s  possible, the method described in [17] of field- 
ionizing high-Rydberg positronium. We surnina- 
rize here the accumulation rate obtained m,ith this 
method. We also plan to accumulate positrons b! 
the method outlined in [2], where positrons are 
loaded through Coulomb collisions with trapped 
"Be' ions. Results of this method will be discussed 
in a future publication. 

The basic idea from Gabrielse's group is that i n  
high magnetic field ;I fraction of the moderated 
positrons that leave the moderator crystal combine 
with an electron to form positronium in a very 
high Rydberg state at the moderator crystal's 
surface. After leaving the crystal, the positronium 
travels into the trap a s  long as the electric fields 
between the modcrutor and trap are not large en- 
ough to field-ionize the Rydberg state. The trap 
potentials are adjusted to give a larger electric field 
inside the trap capable of field-ionizing the posi- 
tronium and therefore capturing the positron. We 
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accumulated positrons with roughly the same trap 
potential shape but with different overall well 
depths (or electric field strengths) than in [17]. 
Fig. 5 shows one of the smallest trap potentials 
and the resulting electric field used to accumulate 
positrons by this method in our setup. 

During accumulation, 'Be+ ions were stored in 
the trap but were at low density because the laser- 
cooling and rotating wall were turned off. Similar 

the fit to the lifetime data of Fig. 7. Similar to [17], 
we observe an increase in the number of accumu- 
lated positrons as the maximum electric-field 
strength within the trap is increased. However, 
our maximum accumulation rate (trap voltage 

2800 3 

potentia[ I - \  
-field ! I \  

- 

I \  

- - -  

\ 

to [17], we were able to accumulate positrons with 2400 - 
a reverse bias of a few volts on the moderator 

from entering the trap. Fig. 6 shows the accumu- 

The solid curves are fits to the rate equation 

positrons N .  Here a is the accumulation rate and 
T = 200 h is the positron lifetime obtained from 

crystal which would prevent low-energy positrons 

lation of positrons for two different trap depths. 

dN/dt = a - ( N / z )  for the number of accumulated 
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Fig. 6. Number of positrons versus accumulation time for two 
different trap depths. The 200 V trap corresponds to -40, -38, 
-200. -220, -200, 0 V and the 70 V trap to -15, -13, -70, 
-77, -70, 0 V on the moderator crystal and experimental trap 
electrodes. Here the potential of the moderator crystal is listed 
first, followed by the experimental trap electrode potentials in 
order of their proximity to the moderator crystal. 

1 I I I 

t=200 h 
100000 

Time (h) 

ping positrons. This was one of the smaller well depths used to 
accumulate positrons. 

Fig. 7. Lifetime of positrons (0,  number shown = actual 
number x IOO) ,  "Be ions (W)  and light impurity ions (A). 
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-200 V) occurs at an electric-field strength that 
is 5-10 times greater than observed in [17]. 

With this method we were able to accumulate a 
few thousand positrons. However, our accumula- 
tion rate was approximately three orders of mag- 
nitude lower than that obtained in [16,17] and 
limited the total number of positrons loaded into 
the trap. While both experiments were performed 
in a high magnetic field (5.3 T in [17] and 6 T in 
our setup), there were substantial differences in the 
two setups. In particular, [17] used tungsten mod- 
erator crystals at cryogenic (4 K) temperatures, 
compared with the room-temperature Cu moder- 
ator used here. They observed that their accu- 
mulation rate depended sensitively on the gas 
absorbed on the surface of the moderator crystal. 
Heating the moderator while the rest of the trap is 
at 4.2 K significantly reduced the accumulation 
rate. Cycling the apparatus to 300 K and back to 
4 K restored the accumulation rate. Our Cu 
moderator crystal was baked with the rest of the 
trap at 350 "C for about 2 weeks, which may have 
desorbed much of the adsorbed gases. 

Fig. 7 shows the measured lifetime of the posi- 
trons, 'Be+ ions, and light-mass impurity ions. The 
'Be+ ion and positron lifetimes were measured si- 
multaneously on the same plasma by first accu- 
mulating positrons and then blocking the '*Na 
source and measuring the number of 'Be+ ions and 
positrons that remained after each day for a week. 
The trap voltage during the lifetime measurement 
was -40 V. When the ion and positron numbers 
were not being measured, the laser-cooling and 
rotating wall were turned off. The measured life- 
time of the positrons was 8 days and is nearly 
identical to the measured 'Be+ lifetime. This in- 
dicates that the measured positron lifetime could 
be limited by the trapping lifetime of charged 
particles in our trap, rather than by annihilation 
with background gas. We measure the background 
pressure in our trap to be between lop9 and 
Pa. The trap was baked at 350 "C for about 2 
weeks and was pumped by a sputter-ion pump and 
a titanium sublimation pump. For comparison we 
also show the measured lifetime of light-mass im- 
purity ions. These ions such as H?, HT or He+ 
disappear relatively quickly due to reactions with 
background gas molecules. 

5. Positron temperature estimate 

Centrifugal separation of two-species ion plas- 
mas has been observed and studied in 'Be+-Hg+ 
[31], 'Be+-"Mg+ [33], 'Be+-Cd+ [34] and 'Be+- 
'"Xe"+ (32 < q < 44) [35] plasmas. In these exper- 
iments, laser-cooling of one ion species resulted in 
temperatures of less than -1 K for the other ion 
species. However, the energy transfer in a e+-'Be+ 
collision is -1000 times weaker than in these pre- 
vious sympathetic-cooling studies, and therefore it 
is not reasonable to extrapolate these results to this 
work. Because we could not find a more direct 
method, we used the centrifugal separation of the 
'Be+ ions and positrons discussed in Section 3.2 to 
place an upper limit of about 5 K on the positron 
temperature of motion parallel to the magnetic 
field. 

For the positron sympathetic-cooling study 
discussed here we did not measure the 'Be+ tem- 
perature. Previous studies of cooling with a single 
laser beam directed perpendicularly to the mag- 
netic field and through the plasma center obtained 
temperatures as low as TL - I O  mK and about five 
times larger for [21-231. The 11" angle between 
the laser and the x-y plane in this experimental 
setup can help lower ?I. We therefore anticipated 
'Be+ temperatures < 100 mK. 

In the 6 T magnetic field of the trap, the posi- 
tron cyclotron motion is coupled to the room 
temperature walls (electrodes) of the trap with a 
-100 ms time constant. In addition the positron 
cyclotron motion is collisionally coupled to the 
positron axial motion, but this coupling becomes 
exponentially weak when the Larmor radius is less 
than the distance of closest approach (the strongly 
magnetized regime). This energy transfer rate has 
been carefully studied [30] both theoretically and 
experimentally, and for a lo9 cm-3 positron plasma 
is -10 Hz for T - 10 K. Therefore we anticipate T, 
to be -10 K and greater than TI, which is reduced 
by Coulomb collisions with the laser-cooled 9Be+ 
ions. 

Centrifugal separation has been discussed the- 
oretically by O'Neil [32]. In this case the different 
charged species were assumed to have the same 
temperature as required in a global thermal equili- 
brium state. However, because of the weak ther- 
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mal coupling between the positrons and 'Be+ ions, 
the positrons could have a greater temperature 
than the 'Be+ ions. For example, in the sympa- 
thetic cooling study of 'Be+-Hg+ [31] the Hg+ ion 
temperature was 5 to 10 times larger than that of 
the directly laser-cooled "Be+ ions. Even with zero 
temperature 'Be+ ions, the centrifugal separation 
of the positrons will become less distinct as the 
positron temperature increases. In order to esti- 
mate the effect of the positron temperature on the 
centrifugal separation we calculated the positron 
and 'Be+ radial density profiles for an infinitely 
long column assuming rigid rotation of the plasma 
but different temperatures. The 'Be+ ions were 
assumed to be cold (T,,+ = 0) and the positron 
temperature non-zero (c+ > 0). The calculation 
closely follows the profile calculations discussed in 
[32,36] and will be discussed more fully in a future 
publication. Fig. 8(a) shows the results of these 
calculations for conditions similar to some of the 
experimental measurements (01, = 277 x 500 kHz, 
positrons/length = 1.5 x IO5 cm-'). For a given 
positron temperature, the 'Be+ density makes a 
sharp jump from zero density at a particular ra- 
dius. This jump is then followed by a gradual in- 
crease at larger radii. As the positron temperature 
increases, the sharp jump becomes smaller and the 
subsequent increase in the "Bet density more 
gradual. 

We compare these calculations with the exper- 
imental profiles shown in Fig. 8(b). In the experi- 
mental measurements the plasmas have an axial 
extent that is typically smaller than the overall 
plasma diameter (see Fig. 3). However, the calcu- 
lations, which are for an infinitely long column, 
should describe the separation of the species as 
long as the diameter of the dark region in the 'Be+ 
fluorescence is smaller than the axial extent of 
the plasma. We typically worked in this regime. 
Comparison of the profiles in Fig. 8(a) and (b) 
shows a measured separation that is significantly 
sharper than that calculated at 10 K and reason- 
ably consistent with the 5 K separation. Also 
shown in Fig. 8(b) is the measured separation be- 
tween 'Be+ ions and light-mass ions for the same 
inner column size. From previous studies of sym- 
pathetic cooling [31,33-351 we expect the temper- 
ature of both species to be less than 1 K. However, 
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Fig. 8. (a) Calculated radial variation of the "Be ion density 
for different positron temperatures and (b) measured radial 
dependence of the fluorescence of scattered laser light for "Be - 
impurity ions and for 'JBe-x+ plasmas. 

because the sharpness of the separation is much 
worse than calculated for T = 1 K, we believe the 
profile measurements in Fig. 8(b) are limited by 
the resolution of the imaging-system optics. 

We emphasize that this temperature limit is 
only for positron motion parallel to the magnetic 
field. For a strongly magnetized plasma the per- 
pendicular kinetic energy is constrained by a many- 
particle adiabatic invariant [30]. This modifies the 
particle distribution function with the result that 
the Debye length is determined by not T1 [37]. 

6. Summary 

We have demonstrated sympathetic cooling of 
positrons by laser-cooled 'Be+ ions. We observed 
centrifugal separation of the positrons and the 
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'Be+ ions, and are able to use this observation to 
place an upper limit on the positron temperature 
for motion parallel to the magnetic field of ap- 
proximately 5 K. The positron perpendicular 
temperature presumably did not cool below 10 K 
because the perpendicular and parallel motions 
decouple for lower temperatures. The observed 
centrifugal separation implies that the positrons 
and 9Be+ ions rotate rigidly and have comparable 
densities, indicating positron densities of -4 x 10' 
cm-3. This is -50 times greater than the highest 
positron density previously achieved [20] and 
could be useful in experiments attempting to make 
anti-hydrogen. The positron lifetime is greater 
than 8 days in our room-temperature trap. 

The low accumulation rate limited the number 
of positrons that could be accumulated to a few 
thousand. This number needs to be significantly 
increased for most of the potential applications of 
cold positrons, such as a source for cold beams. 
This could be done by combining the sympathetic- 
cooling technique with an established technique 
for accumulating positrons [ 15-20]. It is interest- 
ing to speculate about the maximum number of 
positrons that can be sympathetically cooled. A 
potential limit is the number of ions that can 
be directly laser-cooled. We can routinely load 
and laser-cool -lo6 9Be+ ions to temperatures 
< lo  mK. This ion number is limited by our 
loading technique rather than by the capabilities of 
laser-cooling. With a different loading technique 
non-neutral plasmas of -10' Mg+ ions have been 
laser-cooled to -1 K temperatures [38]. Therefore 
-lo9 positrons, comparable to the current largest 
number of trapped positrons, could possibly be 
sympathetically laser-cooled in a Penning trap. 
This would provide a useful, very cold source of 
positrons in a room-temperature vacuum system. 
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